Carbon fiber composites are used in several industries such as, aerospace, automotive, civil engineering, sports goods and technical applications due to its low-weight, strength and stiffness. However, the technology of recycling of these thermosetting polymer composites remains an engineering challenge because of their cross-linked structures that impede their reprocessing by simple heating. The aim of this work was to study the influence of the amount and dimensions of carbon fibers arising from composite waste into a new composite of polypropylene matrix. In order to carry out the study, the carbon fiber composite waste has been mechanically processed for the production of chopped fibers with two different lengths (4.5 mm and 3.0 mm). Thermoplastic composites made of chopped carbon fiber/ polypropylene at proportions 1%, 5% and 7% in fiber weight content were obtained by extrusion and injection process. Then, a series of laboratory test (mechanical, thermal and morphological) were performed in order to characterize the composite material obtained. The results showed that the fibers were capable of causing a reinforcing, even though the new composite presents a complex phase system with low adhesion between the recycled carbon fibers and the polypropylene matrix.
Introduction
Carbon fiber composites have gradually replaced metals and other materials, dominating the market of aerospace, automotive, civil engineering, sports goods and technical applications mainly due to the combination of their lowweight, strength and stiffness 1 . However, in a few decades, these composites will become an environmental problem if there are not adequate recycling or reclaimed processes available. The destination of these waste materials will then be disposed in inappropriate locations.
There is a potential solution to this current issue, since those materials have market value and they can be returned to their life-cycle 2 . In other words, the recycling of waste of composite materials could become a business opportunity. To the end, some solutions for the recycling of composite materials, especially carbon / epoxy composites, might be studied from a technical and economic point of view for industrial applications 3 . There are some questions that must be solved in order to have an efficient recycling process. Firstly, the composite is a mixture of different materials (fibers, polymers and fillers). Thus, to yield excellent recycled products with specific properties it is necessary to separate the different kinds of material or to use the mixture of the materials combined with compatibilizers. Another problem is that the thermosetting composites cannot be recycled by re-melting them, due to the presence of polymers such as, epoxy, phenolic and polyester resin which becomes infusible, insoluble and impossible to remold after the cured reactions 4 . In general, there are three basic waste treatments of thermoset composites: mechanical recycling, in which waste is shredded and grinded to use in the production of the new composites; chemical recycling, in which the organic compounds can be recovered by chemical reaction (e.g. hydrolysis, glycolysis or acid digestion 5 ); finally, energy recovery, in which the objective is to obtain the caloric content of the polymer 6, 7 . Compared to other methods, mechanical recycling does not need pre-treatment of the waste, it does not use any hazardous materials, and in some case it is possible to recover both fibers and resin 8 . In the mechanical recycling, the waste can be reused as fillers or as reinforcement in a new composite material. The thermosetting composite is cut into smaller pieces and then grinded to produce a particulate material. Subsequently, they are classified in different fractions by sieves: one rich in resin (powdered products) and the other rich in fibers (fibrous products). The reuse of fibrous products is more promising as reinforcement material than the reuse of powdered products, . The next step for composite recycling is re-manufacturing. In general the resin (typically a thermoplastic) is mixed with fibrous products in the extruder and subsequently injected into a mold. Injection molding is the most frequently used technique because it is a versatile method of producing parts and products quickly, at low cost and with wellknown processing parameters. However, in the injection process, fiber length can be reduced. This occurs due to the increased fiber-fiber interaction and fiber-equipment wall contact that creates the friction between fibers and hence it causes alterations in fiber dimensions. In this technique, the incorporation of carbon fiber in a thermoplastic leads to a gradual increase of viscosity that means the resistance to flow is high. This resistance hinders the injection of the material into the mold. Therefore, there is maximum volume fraction of fiber, this value does not exceed 20% by volume 9 . In order to produce a strong interface which can transfer the load efficiently from the matrix to the fiber, the carbon fiber could receive a specific treatment to each matrix before being utilized in the manufacture of composites. This treatment is called sizing 10 . In the case of recycling carbon fibers from composite waste, this enhancement in the interfacial adhesion can complicate the incorporation of fiber into the thermoplastic matrix, especially when the composite that will be recycled is formed by epoxy resin. In a mixture of a fiber (hydrophilic coating) with a thermoplastic (hydrophobic characteristic) created an interface of low adhesion, that can result in a reduction of mechanical properties 6, 11 . The crystallinity of resin, viscosity of composites, the coating of the fibrous content, and the fiber length are the main characteristics that could influence mechanical properties of composite material 8, 12 . The aim of this work was to study the influence of the amount and dimensions of recycled carbon fibers on properties of the polypropylene composite. In order to realize this study, the carbon fiber composite waste was subjected to mechanical recycling for the production of particles with two different lengths; these particles were used for the preparation of thermoplastic composites with polypropylene at 1%, 5% and 7 % w/w of the fiber. Then, mechanical, thermal and morphological analyses were performed to characterize the composite material.
Experimental Procedures

Materials
Carbon fiber composite waste (CFCW)
The recycled carbon fibers used as reinforcement to produce the composites were from a laminate (300mm x 300mm x3mm) fabricated at São Paulo State University (UNESP). The laminate was based on epoxy matrices (F155) and carbon fiber fabric reinforcements (Plain Weave).
Polymeric matrix
The polymer employed in production of composites of recycled carbon fiber/polypropylene was the injection grade polypropylene (PP) pellets, which were supplied by Braskem. Polypropylene was selected as the polymeric matrix due to its wide commercial use and low cost.
Methods
Recycled carbon fiber (RCF) preparation
The CFCW laminate was initially cut into a dimension of approximately 30 mm x 150 mm, and subsequently grinded in a knife mill (MOMESSO) to generate particles of lengths between 0.65 to 12 mm and diameters between 0.08 to 1.37 mm. In this preparation, no process to remove resin from carbon fiber was performed, therefore the carbon fibers were contaminated by epoxy resin. However, for convenience, this material will be referred to as recycled carbon fiber (RCF), from here onwards.
RCF characterization
In order to determine the presence of epoxy resin over the recycled carbon fiber, chemical analyses of RCF was carried out. They were conducted using a spectrometer Shimadzu IR Prestige-21 with a resolution of 4 cm -1 with 64 scans. Fourier transform Infrared (FTIR) analyses were performed in transmittance mode soon after dilution in KBr pellets, according to ASTM 1252 standard.
Thermogravimetric analyses (TGA) were carried out in a simultaneous thermal analyzer (NETZSCH model STA 449 F3 Jupiter) at a heating rate of 10 ºC min -1 and a nitrogen flow of 100 mL min -1 to determine the organic content present in the recycled carbon fiber. The mass of the sample used in each analysis was approximately 10 mg.
The morphology of the RCF surface was investigated using a scanning electron microscope (SEM), the LEO 1450 VP. Secondary electron images were obtained by using an accelerating voltage of 20 kV and 500x magnification. The intention here was to verify if recycled carbon fibers are coated by resin or not.
The grinded RCF were sorted by Tyler sieves. The portion of the fiber retained between the 20 mesh sieve (openings of 0.841 mm) and the 30 mesh sieve (openings of 0.595 mm) has been referred to as type L, while the fibers which went through the 30 mesh sieve were designated as type S. The length of 400 fibers of each type were measured using a light microscope FWL-SMZ 7.5 by Feldman Wild Leitz at 10x and 50x magnification.
Manufacture of the PP/RCF composites
PP/RCF composites were produced by extrusion in an Imacon with a temperature profile of 170/180/190/200 ºC from the alimentation zone to the matrix. The resulting materials of this process were dried at 75 ºC by 4 h to remove the remaining moisture. The specimens for tensile testing were prepared by injection molding in a Spazio DW-130, with 1%, 5% and 7 % w/w of fibers, respectively. All characterizations of composites were done with these tensile testing specimens.
Characterization of PP/RCF composites
In order to determine the maximum content of carbon fiber that can be added into the composite during the injection process, the melting flow index (MFI) was measured. For this purpose, specimens were grinded in a knife mill to generate a particle size of around 5 mm in length. This material was then analyzed in an extruder plastometer (Ceast 7021) at 230 ºC and with the application of 2.16 kg weight, according to ASTM D1238.
Differential scanning calorimetry (DSC) was used to determinate the crystallinity of the matrix present in the composite. The analyses were performed in a DSC Q20 (TA Instrument) at a heating rate of 10ºC/min using two heating cycles from -30ºC to 280ºC in a nitrogen atmosphere of 50.0 mL/min.
The degree of crystallinity (Xc) was calculated by the ratio between the enthalpy of fusion measured at the melting point (ΔH m ), and the enthalpy of fusion of 100% crystalline PP (ΔHº m ) expressed in percentage. For polypropylene, the assumed ΔHº m value was 209 J/g 13 , however this value must be proportional to the polymeric mass present in the composite. Thus to determine the degree of crystallinity of the composite, Equation 1 was used: ( 1 ) where x represents the fiber weight fraction 14 .
Tensile strength tests were performed according to ASTM D 256 standards to evaluate the mechanical properties of composite with type L fiber and type S fiber. The six specimens were carried out in a universal testing machine (EMIC DL 3000) with a load cell of 5 kN at a speed of 10 mm min -1 . The interfacial adhesion between recycled carbon fiber and polypropylene was evaluated by the fracture surface of the PP/RCF composite. The analyses were performed in a scanning electron microscope (SEM) LEO 1450 VP instrument. Secondary electron images were obtained by using an accelerating voltage of 20 kV and 10,000x magnification.
Results and Discussion
Recycled carbon fiber (RCF)
For the understanding of the mechanical behavior of PP/RCF composite firstly, the chemical and morphological properties of recycled carbon fiber were studied. Fig. 1 shows the infrared spectra of recycled carbon fiber. It is possible to identify absorption bands, such as, 3650-3000 cm -1 , that are assigned to the axial deformation of O-H; 2940 cm -1 and 2880 cm -1 , which is due to the axial deformation of C-H present in the epoxy structure 15 ; 1655 cm -1 , that is attributed to stretching vibration of C=C; 1272 cm -1 , related to the stretching vibration C-O-C and at 1050 cm -1 , that is referred to the aliphatic-aromatic ether linkage. All these bands are typical epoxy resin bands 16 indicating that epoxy resin remained in the recycled carbon fibers. The TGA and derivative thermogravimetric analysis (DTG) of recycled carbon fiber (Fig. 2) were obtained in order to confirm and quantify the presence of epoxy resin in this material. The degradation of the sample began at about 330ºC and it was completely degraded at about 500ºC. The loss of weight was approximately 20% in this range of temperature. From DTG curves, it observed that there is a unique event with peak temperature at 380ºC. Comparing these values with the literature 17 , it can be confirmed that it refers to the decomposition of epoxy. With these results one could estimate that in the recycled carbon fiber composite there is 20 % w/w of epoxy resin. 3 shows the SEM photomicrograph of the recycled carbon fiber. In the RCF there are two distinct regions: The first one (right image), where the fibers are together and aligned; and the second one (left image), where they were separated and consequently not orientated. Furthermore, white particles with non-uniformed size/format spread over the fibers were observed. These particles might be the resin of composite waste that fragmented after the grinding process. Therefore, this recycling process resulted in a carbon fiber that contains fiber coated by resin, uncoated fiber, and the resin particles.
The grinded recycled carbon fibers were sorted in type S fiber and type L fiber by Tyler sieves. Fig. 4 shows the fiber length histograms in which unimodal shapes are exhibited with data in the range of 0 mm to 14 mm. According to the histogram, the length of the type S fibers (Fig. 4.a) are in the interval of 2-3 mm and the length of the type L fibers (Fig. 4.b) are 3-4 mm. This indicates that there is real difference in the length for each type of fiber using this separation method.
According to the average values of fiber lengths shown in Fig. 4 , the type L fibers ((4.45±1.77) mm) were 50% larger than the type S fibers ((2.97±1.47) mm). These results in addition to the histograms above, suggest that the separation of fiber was efficient and the two groups of fibers are significantly different.
PP/RCF composite
The effects of the addition of recycled carbon fiber in polypropylene were evaluated by chemical, mechanical and morphological analyses of the composite. MFI values (Fig. 5) , including standard derivation results, were used to determine the maximum carbon fiber content in the composite. The addition of carbon fiber tends to reduce the melt flow index, with a considerable reduction only for the composite concentration of the 7 % w/w carbon fiber. This effect was observed for both fiber lengths (type L and type S).
Because the melt flow index is inversely proportional to viscosity, the results indicated that the addition of carbon fiber leads to an increase in viscosity for the composite. With this increase, the internal friction between polymer chains is increased, resulting in an increase in the temperature of material during the injection molding. This could cause unviability of processing or degradation of material. Given this difference of format present in recycled carbon fiber, the incorporation of RCF in thermoplastic matrix (polypropylene) led to the formation of complex systems with interfacial regions between carbon fiber /PP, epoxy resin/PP, and carbon fiber/epoxy/PP which can affect the mechanical properties of the material.
In an attempt to increase the carbon fiber in the composite, another composite of 10% w/w of RCF was manufactured; however, this did not succeed because the viscosity of the composite increased in a manner that, even with changes in processing parameters, specimens still were not produced. It was concluded that, in this processing, the limit in amount of carbon fiber was 7% w/w.
The degree of crystallinity of the matrix present in the composite was studied by DSC analysis. The parameters obtained in these analyses (Tab. 1) were melting temperature (Tm), crystallization temperature (Tc), melting enthalpy (ΔHm), crystallization enthalpy (ΔHc) and degree of crystallinity (Xc).
The melting temperature (Tm) of the polymer was slightly influenced by adding carbon fiber, however the crystallization temperature (Tc) increased significantly with the incorporation of the fiber. The crystallization temperatures varied from 113ºC to 119ºC. The difference was 6 ºC when compared to the composite of 7 % w/w of carbon type L fiber with pure polypropylene.
The addition of carbon fiber into polypropylene also results in changes in the degree of crystallinity (Xc) of a composite. In the composite of type L fiber, the incorporation of small amounts of fiber (1 % w/w) decreased the Xc 6 %, and in the case of larger amounts of fiber (7 % w/w) the loss was 14%. Meanwhile in the composite with 5 % w/w of fiber the crystallinity was larger than pure polypropylene, showing an increase of 8%.
For composite with type S fiber, the degree of crystallinity increased to 39% with small amounts of fiber, but with the increase of carbon fiber to 7 % w/w the Xc values tended to lower, as occurred in the composite with type L fiber. These results suggest that, depending on the type of fiber, the insertion of carbon fiber in the polymeric mass may or may not stimulate the nucleation of crystallites.
These changes in thermal properties of polymeric matrix can be explained by the nucleation ability of the carbon fiber during the crystallization of polypropylene 18 . Higher thermal conductivity of the carbon fiber as compared to that of the polymer may be responsible for the change in crystallinity temperature and the degree of crystallinity. The heat produced by carbon fiber could change the heating rate and consequently the crystallization mechanism.
Tab. 2 summarizes the mean and standard derivation of the tensile strength, Young's modulus and elongation at break of the PP/RCF composite with 1%, 5% e 7 % w/w of fiber content. The mechanical properties of all composites are gradually changed with the increase of carbon fiber content. The tensile strength tends to increase with the addition of carbon fiber content. This behavior was also observed in Young's modulus of composites with the incorporation of carbon fiber. Finally, the elongation at break decreases with the addition of type S and L fibers as expected for the reinforced composite.
In general, the use of type L fibers in composites showed better mechanical properties than type S fibers. Bearing in mind the type S fibers are smaller than type L, mechanical properties such as tensile strength and Young's modulus increase with increasing fiber length due to the larger anchorage area in longer fibers. In this case, more force is necessary to break the fiber and matrix interaction.
In the analyses of the composite with the best properties (7 % w/w of type L fiber), it was observed that the tensile strength increased 16% and Young's modulus increased 54% in relation of PP. Considering the difference of the properties between carbon fibers (σ=4900 MPa and E=230 GPa) 19 and Figure 5 . MFI of PP/RCF composite: type L fiber (empty circle) and type S fiber (filled square). PP (σ=18 MPa and E=1.5 GPa) 19 , it was expected that these properties be higher, that the increase be 2000% in tensile strength and 1000% in Young's modulus for composite with 7 % w/w of carbon fiber, according to mixture rule.
In order to explain low gain on mechanical properties with the addition of fibers in the composite, the distribution length should first be analyzed. As observed, the recycled carbon fibers exhibit a large range of lengths. These differences cause negative impacts on the composite properties because some fibers can act as stress concentrators. From morphological analyses of RCF, it was conclude that the recycled carbon fibers are contaminated by epoxy resin. Low affinity of these contaminated with PP is the second reason that composite does not reach the maximum values of mechanical properties. The degree of crystallinity of matrix could also be the cause of this behavior, however the increase of carbon fiber in composites lead to the opposite trend between mechanical properties to degree of crystallinity. Thus degree of crystallinity of the matrix was not significant in mechanical properties.
The SEM micrographs of composite with 1%, 5% and 7 % w/w of the carbon fiber content are presented in Fig. 6 . The fracture surface images of the composite show agglomerated fibers in the polymeric matrix; this was expected since the carbon fiber used to produce the composite were contaminated by resin. However, this characteristic of reinforcing can decrease the adhesion between the new matrix and the fibers, consequently reducing mechanical properties.
To evaluate the interfacial adhesion of fibers, the analyses focused on the region between recycled fiber and PP matrix. In all composite, spaces between matrix and fiber can be visualized (black area around the fiber), meaning that the fractured mechanism occurred in the interfacial region.
Note that the failure took place within the matrix and that the fibers remained intact, indicating that they are not the source of crazing. The formation of complex system composed by polypropylene, carbon fiber, and epoxy can be the reason for this behavior. The epoxy resin (hydrophilic) is not compatible with polypropylene (hydrophobic), which results in low adhesion between fiber and matrix. The addition of a compatibilizer can be an alternative to improve the interaction between a coated fiber and PP, however this would only work on fibers impregnated with resin. In type L and S fibers of same fiber ration the same morphological behavior was observed. The matrix around the fibers shows a rough textured, whitish substance for composites with 1 % w/w of carbon fiber, leading to a ductile material behavior. In the composite with 5 % w/w of carbon fiber the matrix was smooth, which indicated that the breaking of the matrix was brittle. The ductile and brittle behaviors also occurred in the composite with 7 % w/w of carbon fiber. It can be concluded that the increase of carbon fibers modifies the failure mode from ductile to fragile, which was corroborated in mechanical results.
The SEM images show that the fibers were oriented in the perpendicular direction of fracture surface, hence in the same direction of the applied tension in the tensile testing. This is consequence of the injection flux that aligned the fibers and distributed one in uniform form. For this reason, comparing the mechanical properties of composite with the polymeric matrix, the addition of recycled carbon fiber led to a positive effect. The tensile strength and Young's modulus increased and the elongation at break decreased with addition of fiber.
Conclusions
Analysis of recycled carbon fibers showed that they are composed of a mixture of the fiber coated with epoxy resin, the uncoated fiber, and the epoxy resin particles. The epoxy contamination represents 20 % w/w of the material. Therefore, the addition of the recycled carbon fiber into a thermoplastic matrix (polypropylene) must take into account the interaction of carbon fiber /PP, epoxy resin/PP, carbon fiber/epoxyresin.
The PP/RCF composite produced with two different lengths (4.5 mm and 3.0 mm) allowed a maximum addition of 7% w/w of recycled carbon fiber. The large range of fiber length distribution, the contamination by epoxy resin and poor adhesion between fiber and matrix are the reasons why the mechanical properties did not improve. The degree of crystallinity of the matrix was not significant in the mechanical properties.
Even though the new composite presents a complex phase system, the mechanical results showed that the fibers were capable of causing a reinforcement, which was more significant in the type L fiber. This occurred due to fiber length, fiber orientation in relation to applied tension and the uniform distribution of particles in the specimens.
Therefore, this complex system must be studied to improve the interaction between the coated fiber and the thermoplastics; this could, consequently, establish good applications for these recycled materials, as in the automobile industry.
